Ion-exchangable trititanate nanotubes synthesized by the alkali treatment of TiO2 (anatase) are modified by MS (M = Cd, Zn) nanoparticles via a simple wet chemical process. The obtained samples are characterized by X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), and Raman spectroscopy. The photocatalytic activities of the samples are evaluated upon the oxidation of methyl orange under UV light illumination. Results show that the photoactivation may be caused by the strong coupling between the nanotube and the nanoparticles, which is a direct consequence of the ion exchange property of the trititanate wall structure during the formation of TiO2/MS. 
Introduction
In recent years, TiO 2 -based nanotubes began to attract considerable attention due to their unusual nanotubular structure, interesting physicochemical properties and their potential as versatile catalysts or catalyst supports [1] [2] [3] [4] . Typically, in their use as photocatalyst, TiO 2 -based nanotubes have been reported to possess some improved properties as compared with colloidal or other forms of titania [3] . Therefore, numerous efforts have been devoted to the synthesis and characterization of TiO 2 nanotubes or modified TiO 2 -derived nanotubes [2] [3] [4] . Recently, of particular interest is a hydrothermal method which was discovered by Kasuga et al [5] to obtain TiO 2 -derived nanotubes with a diameter of approximately 10 nm and a length of several hundred nm to several um. Morphologic and chemical studies [6] [7] reveal that the nanotubes produced by this method exhibits an ion-exchangeable trititanate (H 2 Ti 3 O 7 ) structure instead of being an anatase phase. Unfortunately, the trititanate nanotubes do not inherit the photochemical activity of anatase TiO 2 [6] . Inspired by the excellent ion-exchange ability of the trititanate nanotubes, different functional transitional-metal ions such as Co 2+ , Ni 2+ , Cu 2+ , Zn 2+ , Cd 2+ , and Ag + [8] can be introduced to modify the trititanate nanotubes. The excellent ion exchangeability [9] of trititanate nanotubes enables the high loading of active catalyst with high dispersion. Meanwhile, the nanotubular structure yields high specific surface area and should further facilitate the ion-exchange process. Furthermore, the presence of the exchanged cations has been demonstrated to be effective for promoting the performance of the trititanate nanotubes [10] [11] [12] .
Therefore, based on the results obtained from ionexchange reactions [9] [10] [11] , another photocatalystic research direction can be bestowed on trititanate systems by decorating them with suitable semiconductor. It has been successfully accomplished for CdS [6] [7] , which involves bubbling H 2 S through an aqueous suspension of Cd 2+ -exchanged titanate nanotubes at room temperature, and a novel complex-assisted one-step synthesis of CdS-decorated titanate nanotubes.
In this article, we report the photoactivation of ionexchangable trititanate nanotubes modified by MS (M
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= Cd, Zn) nanoparticles via a simple and novel wet chemical process at room temperature. Herein, thioacetamide is used as the sulfur source. The advantage of this method is that the reactions can proceed smoothly and the MS can be dispersed homogeneously. The photocatalytic performances of the resultant nanomaterials for decomposition of methyl orange are also investigated. The results confirm that the exchange reaction is one of potential routes for photochemically modifying the trititanate nanotubes.
Materials and Methods
Synthesis
Pure trititanate nanotubes are synthesized with the method initially developed by Kasuga et al [5] . Anatase TiO 2 powders are treated hydrothermally in 10 M NaOH solution, and then the product is washed with deionized water to reach pH 8. The trititanate nanotubes are obtained after the slurry is filtered and dried in air.
Ion-exchange reaction: The next synthesis step is a partial ion exchange reaction. This reaction is carried out in an aqueous ammonia solution with Cd 2+ , Zn 2+ , respectively, because of the stability of titanate nanotubes in basic solution and the stabilization of these substituting ions by complexation with ammonia. In a typical process, an appropriate amount of M (CH 3 COO) 2 salts of the corresponding ions are dissolved in 50 ml of concentrated ammonia solution. Afterwards, the trititanate nanotubes are dispersed in respective solutions and stirred for 2 h, and then irradiated in an ultrasonic generator for 6 h for sufficient dispersion and diffusion. Following the treatment, the products are carefully washed with dilute ammonia and deionized water to avoid physical adsorption of the substituting ions on the surface of titanate nanotubes. Finally, the obtained white M-ion-exchanged nanotubes are transformed into yellow trititanate/CdS and white trititanate/ZnS, respectively, by adding a sufficient amount of thioacetamide in the aqueous nanotube suspension under vigorous stir.
The reaction process can be described as follows:
The thioacetamide reacts with water to produce gaseous H 2 S:
The produced H 2 S could then react with M 2+ to form MS: M 2+ + S 2-= MS (2) Since the reaction (1) proceeds smoothly, the formation velocity of MS particles is confined. Consequently, the growth and aggregation of the MS nanoparticles are confined, and homogeneous trititanate/MS can be obtained.
Pure MS nanoparticles are prepared by using the thioacetamide and corresponding M(CH 3 COO) 2 in an aqueous ammonia solution under vigorous stir at room temperature.
Characterization
The samples are characterized by transmission electron microscopy (TEM, Philips T20ST), and X-ray diffraction (XRD, diffractometer with Cu K α radiation). FT-Raman spectra are recorded on a BRUKER-RFS. Raman instrument operating with 1064 nm excitation wavelength at room temperature in air. Spectra are averaged from 100 scans performed at 2 cm -1 resolution.
Catalytic activity test
Photocatalytic activity of the samples used as photocatalyst for the degradation of methyl orange in water is tested at ambient temperature. The photocatalyst is dispersed in a photoreactor containing 100 ml of methyl orange aqueous solution (17 mg/L). 0.05 g of the photocatalyst is used in each experiment. The reactor is illuminated with a 400W high-pressure mercury lamp. The concentration of methyl orange solution is quantified by a TU-1901 spectrophotometer at 463.8 nm. The adsorption of catalyst to the methyl orange and the decomposition of itself without catalyst are corrected. For the Figure 1 e, except the peaks of titanate, the residual three diffraction peaks marked ring correspond to the (111), (220) and (311) reflections of ZnS, which are completely consistent with the data of the standard card (JCPDS No. 5-0566). The calculated particle size of ZnS is 5 nm from XRD patterns using Scherrer formula. Figure 2 shows the TEM images of as-prepared trititanate nanotubes and modified trititanate nanotubes. TEM observation (depicted in Figure 2 a) reveals that the as-prepared tubes are clearly hollow with an open end. The inner and outer diameters of the nanotubes are approximately 8 nm and 10 nm, respectively. Their diameters are nearly uniform and their length is more than hundreds of nanometer, similar to the results reported by the pioneer researcher [12] . The high resolution TEM micrograph study of the trititanate/CdS nanotubes (Figure 2 b) shows the structure of both the trititanate nanotube walls and the CdS nanoparticle, which demonstrates that the nanotubes get modified by CdS nanoparticles. The layer separation distances approximately agree well with those reported for these types of structures in the literature.
As shown in Figure 2 c-d, HRTEM images of trititanate/ZnS give further insight into the structure of substituted nanotubes, and the layered structures still clearly are visible, which is similar to that of trititanate/CdS.
The wall structure of the trititanate/MS is studied by Raman spectroscopy (shown in Figure 3) . The spectrum of Figure 3 a is characteristically different from the Raman signature of both anatase and rutile, and is essentially the same as that has been reported for trititanate nanotubes [9, 13, 14] . The sodium form of ionexchangeable trititanate nanotubes exhibit features at 278, 448, 650 and 905 cm -1 . The 448 cm -1 peak is assigned to a pure framework Ti-O-Ti vibration. The peaks at 278 and 660 cm -1 are due to Ti-O-N vibrations involving the ion (N = Na + in spectrum, a) occupying an ion-exchange position in the trititanate wall. The peak at about 905 cm -1 is attributed to four-coordinate Ti-O involving non-bridging oxygen atoms coordinated by the N ion. Therefore, all but the 448 cm -1 peak are affected by the Cd 2+ ion exchange as shown in Fig. 3 b and c. The peaks at 278 and the 905 cm -1 exhibit red shift about 6 and 42 cm -1 , respectively, whereas the 650 cm -1 one blue shifts by 8 cm -1 as the sample is transformed from sodium trititanate into trititanate/CdS nanotubes. This result demonstrates that CdS particles grow from Cd 2+ ions located within the nanotube walls. , respectively, whereas the peak at 650 cm -1 shifts blue by 10 cm -1 as the sample is transformed from sodium trititanate into trititanate/ZnS nanotubes. It strongly implies that the Zn 2+ ions, intercalating into the tubular layer, are tightly bound into the lattices. And then, the formation of trititanate/ZnS may impact the crystal lattice of nanotubes. 
Photocatalytic activity of the prepared catalysts
Photocatalytic activities of the samples are evaluated by measuring the degradation of methyl orange in aqueous solution under UV light irradiation.
It can be seen from Figure 4 a that pure trititanate nanotubes fail to act as photocatalysts, however, the trititanate/MS nanotube system is active in the photooxidation reaction (Figure 4 d-e) . Their photocatalytic performances are enhanced compared with their corresponding MS nanoparticles (Figure 4 b-c) . Due to the d-d transition of these transition-metal ions [8] , these nanotubes might be excited by visible light by the introduction of transition-metal ions. Therefore, the photochemical activation seems to be primarily originating from the strong coupling between the MS nanoparticles and the trititanate support, which in turn is the consequence of the ion-exchangable nature of the trititanate wall structure.
Furthermore, the form of the support is crucially important to obtain highly dispersed MS particles and photocatalysts with good performance. In this paper, trititanate nanotubes prepared by hydrothermal treatment exhibit surface area of 428 m 2 /g, and are a special kind of one-dimensional mesoporous material. The large surface area and pore size of nanotubes might be beneficial for the degradation reaction involving contact of organic molecules. Finally, MS nanoparticles have distinct catalytic functions, which is one of main factors of enhancing the photocatalytic efficiency of trititanate/MS nanotubes. 
Conclusion
In this article, ion-exchangable trititanate nanotubes synthesized by the alkali treatment of TiO 2 (anatase) are modified by MS nanoparticles via a simple and novel wet chemical process. The results suggest that the photochemical activation of MS-modified trititaniate nanotubes could be caused by the strong coupling between the nanotubes and the nanoparticles,which is a direct consequence of the ion exchange property of this nanotube wall structure. We deduce that other metal sulphide nanoparticles could also be immobilized on the nanotubes by this way, thus the performance of the trititanate nanotube-based photocatalysts and their useful spectral range could be improved.
